A blue-green (BG) strain was established from a laboratory colony of Plautia crossota stali. This strain was characterized by a unique blue-green body colouration and pale green egg colouration with grey forewings, compound eyes and ocelli. The testicular epithelium for male adults was whitish in contrast to the orange-yellow colour for normal males. Reciprocal crosses between normal and BG strains indicated that the traits specific to the BG strain were recessive against normal phenotype and controlled by a single Mendelian unit. Double mating experiments in which BG females were mated with a normal and a BG male in this or the other order suggested that the sperm of BG males were as competitive as those of normal males. It was also found that the sperm of two males were mixed throughly soon after the second mating, although the precedence of sperm from a second male varied greatly for each female adult. The BG strain may be used as a genetic marker for behavioural, ecological and genetic studies in P. c. stali.
INTRODUCTION
The brown-winged green bug, Plautia crossota stali is an important pest attacking fruit trees in Japan. In this species, nymphs show variation in body colour in response to photoperiod (Shiga, 1980; Numata and Kobayashi, 1994) , and adults undergo body colouration change associated with diapause (Kotaki and Yagi, 1987; Kotaki, 1998) which is under the control of juvenile hormone (Kotaki and Yagi, 1989; Kotaki, 1999) . In an attempt to investigate physiological aspects of reproduction using a laboratory colony of this bug, I found a female depositing pale green eggs, which were not normally found in this species. Hatchlings from these eggs showed peculiar blue-green body colouration. From these individuals, a laboratory colony of the blue-green strain of P. c. stali was established. Although a mutant showing red body colouration controlled by an autosomal recessive gene for this bug has been reported before (Nakanishi and Kono, 1987) , blue-green individuals have not been noticed yet. The purpose of this study is to describe the characteristics of the blue-green strain and to determine the genetic control of these characteristics. Once the mode of genetic control is known, these characteristics may be used as a genetic marker for various studies. To do so, it is important to address the question whether the reproductive potential of this strain differs from that of normal one because BG strain is probably a mutant, and genetic mutation is sometimes accompanied by reduced reproductive capacity. As will be mentioned below, males of the blue-green strain have the testes with the white epithelial tissue in contrast to normal males that have the orange-yellow epithelium. If the orange-yellow colouration was important for the function of the testis or sperm, blue-green males might have reduced reproductive ability compared with normal ones. To examine this possibility the present study also determined the sperm precedence (P 2 value) after two successive matings with blue-green and normal males.
MATERIALS AND METHODS

Insects.
A stock culture of P. c. stali was established from adults collected in Mitsukaido, Ibaraki, Japan in 2001, and kept for more than 10 generations under long-day conditions (16L : 8D) at 25°C in the laboratory. The rearing method was described elsewhere (Kotaki, 1996) . Briefly, insects were maintained on dry soybeans and raw peanuts along with water supplemented with sodium Lascorbate (0.05%) and L-cycteine (0.025%). A group of 14 nymphs was reared in a plastic Petri dish (9 cm diameter, 2 cm height) under long-day conditions at 25°C. Newly emerged adults were collected and confined in Petri dishes in two female-male pairs per dish under the same conditions. Another stock colony of the strain showing blue-green body colouration was maintained as above. This strain is referred to as "BG strain" hereafter ( Fig. 1) .
Crossing. For crossing experiments, a pair of newly emerged male and female adults was kept in a Petri dish. Reciprocal crosses between adults of normal and BG strains, crosses between F 1 hybrids, and backcrosses of F 1 hybrids to normal and BG strains were conducted, and the body colouration of the resulting offspring was recorded.
Sperm precedence. Females of the BG strain were subjected to double mating experiments. These experiments consisted of two successive matings with normal and BG males. For convenience, the mating combinations in which BG females were mated with a normal male first then with a BG male and vice versa were referred to as NB-mating and BN-mating, respectively. For the first mating, young (days 5-7) virgin females were allowed to mate with a male of either the normal or BG strain, and to deposit two or three egg batches. These eggs were incubated at 25°C to verify successful sperm transfer and fertilization by the first male. Fertilized eggs developed eye-spots in three to four days. Females that failed to deposit fertilized eggs were excluded. Three to seven days after the first copulation, each of these females was mated with a second male of the other strain. Eggs laid by the female were collected over 30 days after the second mating. Eggs thus collected were kept in Petri dishes until eye-spots developed under the egg shell. At this stage, the phenotype of each embryo could be judged by the colour of egg and eyespots (Fig. 1E) ; eggs containing an embryo of normal phenotype turned brown with red eye-spots while those with a BG embryo remained pale green with light grey eye-spots. The ratio of eggs sired by the second males to the total number of fertilized eggs was determined and it was referred to as the P 2 value in the present study.
RESULTS
Females of the BG strain laid pale green eggs whereas normal females deposited greyish orange eggs (Fig. 1 ). In the BG strain, hatchings had a blue-green band or patch on their abdomen. As they grew bigger, the blue-green area became more conspicuous with dark brown or black spots, which were common in normal nymphs. Normal nymphs, particularly those in the fifth (last) nymphal stage, had the abdomen with various background colours ranging from light green to dark red (Fig. 1F, G ), but they never assumed blue-green body colouration (Fig. 1H ). In the last two nymphal stadia, they also showed variation in the extent of melanization on the head and thorax, but this variation was commonly observed in the normal and BG strains. Besides the blue-green body colouration, adults of the BG strain had also greyish forewings, metallic grey compound eyes and ocelli (Fig. 1B) , whereas those of the normal strain had brown forewings and red eyes (Fig. 1A) . When normal males were dissected, the epithelial tissue of testes and vas deferens was found to show orange-yellow appearance (Fig. 1I) . On the other hand, males of the BG strain had white epithelial tissue (Fig. 1J) . A similar difference was also observed in the colour of the epithelial tissue of the scent gland in both sexes.
Reciprocal crosses between adults of the normal and BG strains gave rise to normal phenotypes. This result indicates that the BG phenotype is recessive to the normal one. F 2 generations from either F 1 hybrid cross showed normal and BG phenotypes at a ratio which was not statistically different from 3 : 1 (c 2 -test; pϾ0.05). Backcrosses of F 1 hybrids to the normal strain always produced normal phenotypes, whereas backcrosses to the BG strain produced almost equal numbers of normal and BG phenotypes; ratios of normal to BG individuals were not statistically different from 1 : 1 (c 2 -test; pϾ0.05) in all possible combinations except for NBϫBB crosses as shown in Fig. 2 (c 2 ϭ3.99, Note that the normal adult has red compound eyes and ocelli (inset of A) while BG adult has grey ones (inset of B). Scale barϭ5 mm. C, eggs of the normal strain; D, eggs of the BG strain. Scale barϭ1 mm. E, eggs of the BG strain at the eye-spot stage. Note that eye-spots of embryos sired by a normal male are red, and those sired by a BG male have light grey eye-spots. F and G, last instar nymphs of the normal strain; H, last instar nymph of the BG strain. The abdomen of normal nymphs assume variable colouration ranging from green (F) to dark red (G) in contrast to a fixed body colour type for BG strain. Scale barϭ5 mm. I, testis of normal male; J, testis of BG male. Scale barϭ1 mm. dfϭ1, pϽ0.05). These results indicated that the BG phenotype was likely to be controlled by an autosomal recessive gene.
To examine whether BG traits are liked to reproductive performance, female adults of the BG strain were first mated with a normal male and then with a BG male (NB-mating) or first mated with a BG male followed by a second mating with a normal male (BN-mating). For each female, the duration of copulation, fertility and P 2 value were determined. No statistically significant difference was detected in either copulation duration or fertility with NB-and BN-mating series (t-test, following arcsine transformation for fertility; pϾ0.05) ( Table  1) . Their average P 2 values were 0.66 and 0.70, respectively. The difference in the values was not statistically significant (Mann-Whitney U-test; pϾ0.05), although the values for individual females highly varied, ranging from 0 to 1. The pattern of frequency distribution of P 2 values appeared to be bimodal for both mating combinations (Fig.  3) . The average P 2 value calculated at 5-d intervals was almost constant, and values for each female over time also fluctuated within a small range with some exceptions (Fig. 4) . There was a significant negative correlation between the duration of the first mating and P 2 value in NB-mating (rϭϪ0.427, dfϭ23, pϽ0.05) whereas such a correlation was not found between the duration of the second mating vs. P 2 value in NB-mating, and between the copulation durations vs. P 2 value in BNmating.
DISCUSSION
In P. c. stali, variation in nymphal body colouration is common and considered to be under the control of environmental factors such as temperature, density and photoperiod (Shiga, 1980; Numata and Kobayashi, 1994) . Adults also show diapause-associated changes in body colour in response to environmental conditions. The present study demonstrated that the BG phenotype found in a laboratory stock of this bug is controlled by a single Mendelian unit. Stink bugs, Nezara viridula and N. antennata, show genetically controlled colour variation in the adult stage (Kiritani and Yukawa, 1963; Kiritani and Hokyo, 1970; McLain, 1985; Tomokuni, et al., 1993) , and Ohno and Alam (1992) mutants of a lygaeid bug, Oncopeltus fasciatus with unusual body or eye colouration have been described, and these mutations are controlled by autosomal recessive genes (Smissman and Orme, 1968; Lawrence, 1970) . Several body colour strains of a pyrrhocorid bug, Pyrrhocoris apterus have been reported (for a review, Socha, 1993) . In some strains of these insects, differences in body colour have been attributed to the differences in composition and content of pteridines (Smissman and Orme, 1968; Lawrence, 1970; Socha and Němec, 1992, 1996) . Changes in red pigmentation during adult life of a stink bug, Halyomorpha brevis are correlated with the content of a pteridine pigment (Niva and Takeda, 2002) . In P. c. stali, preliminary experiments indicated that the bluegreen body colouration might be related to the difference in composition of pteridines. The comparison of reproductive parameters such as mating duration, fertility and P 2 value between NB-and BN-matings suggests that the reproductive potential of BG males is equivalent to that of normal males and that sperm of BG males are as competitive as those of normal males. Therefore, BG traits such as the lack of orange-yellow pigmentation in the testicular epithelium do not exert any deteriorations on the reproductive capacity in P. c. stali, and these traits may be useful as a genetic marker in this species.
The average P 2 value for both NB-and BN-matings was about 0.7, which indicates that a second male has a slight advantage over the first male in fertilization. It should, however, be pointed out that the values for individual females varied greatly, ranging from 0 to 1 (Fig. 3) . In the present study, only the females that deposited fertilized eggs after the first mating were used for double mating experiments. Therefore, the P 2 value of 1 cannot be attributed to the failure of sperm transfer by the first male, but to complete displacement or blockage of the sperm from the first male. On the other hand, the P 2 value of 0 could be brought about by the failure of the second male to transfer sperm to the female. The values between these extremes indicate that the sperm from the two males are mixed in the female. The P 2 values for individual females over time were rather constant (Fig. 4) . This fact implies that through mixing of sperm takes place in this bug. The mechanism that brings the large variation in P 2 value in P. c. stali is unknown. In the present study, the period between the first and second mating was not fixed, but ranging from 3 to 7 days. The depletion of sperm in the spermatheca during this period may be a factor bringing large variation in P 2 value. To examine this possibility, it is necessary to conduct careful experiments in which the amount of sperm transferred by the first and second males are controlled. Although a negative correlation between the length of first copulation by normal males and P 2 value in NB-mating Fig. 3 . Distribution of P 2 values in double mating experiments. BG females first mated with a normal male were allowed to mate with a BG male (NB-mating) or they were mated with a BG male and then with a normal male (BN-mating). was detected in the present study, its biological significance is unclear. In heteropterans, Lygaeus equstris (Sillén-Tullberg, 1981) and Neacoryphus bicrucis (McLain, 1989) , the P 2 value as high as 90% has been reported. The P 2 value for individual egg masses following the second mating has gradually increased in N. viridula (McLain, 1980; McLain, 1981) , O. fasciatus (Economopoulos and Gordon, 1972) , and a stink bug, Erysarcoris lewisi (Ueno and Ito, 1992) . The high or increasing P 2 values recorded in these heteropterans have been suggested to be a factor leading to the evolution of prolonged copulation. In P. c. stali, copulation lasts about 4-5 h on average, and females copulate more than once. To determine how the P 2 value and its variation observed in the present study might be related to the evolution of behaviour in this bug, it is necessary to collect further information on the pattern of sperm utilization and the mating system (Simmonds, 2001) , and is a subject of future study.
P. c. stali is an economically important insect attacking fruit trees. Population dynamics in this species has been intensively studies by Moriya (1995) . However, information on the mating system and interaction between conspecific individuals is limited except that male adults release aggregation pheromone under certain conditions (Moriya and Shiga, 1984) . It is important to accumulate such information to understand life history and to develop controlling methods of this species. The BG strain may be a useful tool for behavioural, ecological and genetic studies in P. c stali.
